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Electromyography (EMG) signal is an important quantity for describing the muscle’s 
activities and provides additional information in describing movement and 
locomotion in gait analysis. Surface electromyography (SEMG) measurement is a 
non-vivo technology for acquiring EMG signal. During the measurement of SEMG 
signals, the motion artifact is captured. Filters are applied to eliminate the frequency 
characteristics of motion artifact. However, this unwanted signal could be useful for 
obtaining the temporal gait parameters during the movement, such as the period of 
swing phase, the period of stance phase, and the period of stride of free walking.  
In this study, accelerometers, gyroscopes and foot switches are used for the 
acquisition of kinematics and surface electromyography is used for measuring 
muscle’s activities. These measurement devices are evaluated in a gait study on 
lower extremity. The signal processing and conversion of bio-information (the 
dynamic characteristics of body) are discussed, such as filtering, and the prediction 
of muscle’s contraction.  
Lastly, temporal gait parameters could be captured by SEMG measurement with the 
linear prediction process and threshold analysis. From the results, it is observed that 
the swing period can be captured through the SEMG measurement for rectus femoris 
(RF), the stride period can be captured by the SEMG measurement for bicep femoris 
(BF), and the stance period can be captured by the averaged result of the outputs of 











(period of swing phase)、行走時的足部站立的期間 (period of stance phase) 和行
走時的步幅期間 (period of stride)。 
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Surface electromyography (SEMG) is a technology to capture electromyography 
(EMG) signal from muscles. Usually, filters are used in the SEMG measurement 
device to remove the lower frequency (< 20 Hz) in order to eliminate the motion 
characteristics from the signals which are treated as a pollutant for EMG signal. 
However, we believe that the lower frequency from SEMG measurement could be 
useful for capturing temporal gait parameters. 
Temporal gait parameters are not the accurate gait information but it can be useful 
for clinician to quickly assess the performance of a patient. The period of stride (gait 
cycle) and speed of free walking are the examples of temporal gait parameters. If a 
SEMG device could provide extra temporal gait parameters, the application of 
SEMG measurement can be enriched. Then, the cost and experimental procedures 
would be reduced if only SEMG signals and temporal gait parameters are needed. 
1.1 Literature Review 
For temporal gait parameters, some studies used wearable sensors to capture the 
swing phase and stance phase of free walking. Gyroscope is one of the wearable 
sensors and it has been confirmed to capture the gait events which are ‘initial contact 
(IC)’ and ‘terminal stance (TS)’ [1, 2]. Upon the response time of wearable sensors, 
more applications of wearable sensors were developed, such as fall-detection [3] and 
stride time determination [4]. 
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However, only gyroscopes cannot capture a full picture of gait. It only consists of the 
angular rate of limb but it cannot get a joint angle of human body immediately from 
the measurement. Joint angle is one of the physical parameter which is considered in 
gait measurement for assessing the performance of human locomotion. To enrich the 
contents of temporal gait parameter, accelerometers and gyroscopes are linked in a 
measurement system. Accelerometers can capture the inclination angle of limb upon 
the gravity force but the accelerometer is sensitive to impact acceleration. Thus, 
gyroscopes can provide supplementary data to correct the data from accelerometers 
by digital signal processing. It has been proved that wearable sensors including 
accelerometers and gyroscopes can capture temporal parameters which can be stride 
time, step time, stride frequency, swing period of leg and stance period of leg, etc. 
[5-7] 
Davis et al. (2003) has introduced some major measurements for a clinical gait study 
[8]. They include: 
• Static physical examination measures, e.g., joint range of motion 
• Stride and temporal parameters, e.g., speed of walking 
• Kinematics 
• Ground reaction force 
• Reactive joint moment 
• Indications of muscle activity during gait 
• A measure of metabolic energy expenditure 
• Video tape 
 
According to the Davis’s clinical gait study, temporal gait parameters are just 
simplified information for clinical assessment. As the gait analysis usually consists 
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of the period of stride, the period of swing phase and the period of stance phase, 
these quantities would allow clinician to determine whether a subject has abnormal 
behavior or not in practice. Thus, some wearable sensors were developed for this 
purpose. However, one quantity in the Davis’s clinical gait model that plays a 
specific role and cannot be replaced by the use of wearable sensors that is EMG 
measurement. Kinematic measurement provides information for clinician to 
understand the movement of a patient. This can be captured by wearable sensors. 
EMG measurement provides the information of the behavior of locomotors during 
movement of subject. With these two measurements, we could determine how the 
muscle is activated during motion [9]. 
EMG signal is an important parameter for gait measurement. This is a well-
developed technology and is widely used in studying muscle activities [10, 11]. For 
convenience, SEMG is a technology which provides a non-vivo method to measure 
EMG signal. It converts the muscle activity in a physical quantity. SEMG signals can 
be acquired through instrumentation amplifier and the procedures of using SEMG 
can be referred to Hermen et al. (2005) [12]. The initiation of muscle contraction, the 
generated force by muscle and the intention of muscle fatigue can be determined by 
EMG signals [13]. SEMG signals play a different role comparing to the wearable 
sensors. This signal provides the muscle activity during a movement of body for the 
clinical diagnosis. Also, this signal can be treated as a rank for the performance of 
muscle in order to determine the effectiveness of medical therapy.  
Since EMG has a feature that cannot be replaced by using other measurement, we 
would like to consider whether EMG measurement can perform the same or similar 
task as other sensors do, such as capturing temporal gait parameters by wearable 
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sensors or giving an input signal for controlling a human-machine-interface (HMI) 
device.  
Indeed, wearable sensors can do more than just capturing temporal gait parameter. 
They can carry out kinematics measurement for gait analysis systematically. Hirata 
et al. (2009) [14] used accelerometers to find the inclination angle of shank segment 
and thigh segment and hence the knee joint angle can be obtained by substituting two 
angles. Tong et al. (2008) [15] used accelerometers and gyroscopes together for 
measuring gait without using camera and obtained the gait event of dropped foot 
successfully. Leitch et al. (2011) [16] experimentally identified gait event of running 
without using force plate. Hanlon and Anderson (2009) [17] performed gait detection 
with wearable sensors only, such as accelerometers, without using camera system.  
Moreover, EMG signals have been used as an input command for controlling a robot, 
for example, Hybrid Assistive Limb (HAL) developed at the University of Tsukuba. 
HAL was an assistive device, which used SEMG signal to control the torque output 
of the motors [18-22]. In addition, the SEMG signals would also help the 
rehabilitation progress if the assistive device was implemented with SEMG feedback 
control system, e.g., stroke rehabilitation [23, 24] and hand activity’s training [25, 
26]. 
From the above examples, we can see there are a lot of applications of SEMG signals 
and the potentials of the use of SEMG for giving an input command for HMI. If 
SEMG signal can provide additional information besides the muscle activity but the 
movement of motion can be detected, the system of a HMI could be simplified with 
the reduced number of sensors and cost as well as material could be saved too. 
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Therefore, we will explore the feasibility of capturing temporal gait parameter by 
SEMG measurement.  
1.2 Objectives 
The surface electromyography signals would be able to describe the temporal gait 
parameters. A gait analysis and the gait parameter of free walking of a subject will be 
discussed for the analysis of SEMG signal in lower frequency. We will use a self-
made device to capture the gait information of lower extremity and convert the 
physical information into gait parameters. 
We will explore some possible ways to process the SEMG signal of bicep femoris 
and rectus femoris in order to capture the swing period, stance period and stride 
period. Finally, we will consider the performance of using SEMG measurement as 
gait parameters and its differences comparing to the use of gyroscope and foot switch.   
1.3 Thesis Description 
As we would like to observe the SEMG signals with lower frequency characteristics, 
we develop a measurement device. The hardware design and setup of the 
measurement device is described in Chapter 2. Existing sensors and technologies for 
gait measurement device are reviewed, including accelerometers, gyroscopes, foot 
switches and SEMG measurement. A discussion on the component’s selection and 
criteria is made.  
Since the measurement device is self-made, we evaluate the performance by 
performing a gait analysis. In Chapter 3, uses the data from this measurement device 
are used to perform gait analysis. This chapter demonstrates how to use the recorded 
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data from foot switches, accelerometers and gyroscopes to do kinematic 
measurement for lower extremity of human. Also, the measurement of SEMG is 
demonstrated with the use of linear envelop to determine the muscle contraction’s 
period during the movement of lower extremity. 
Then, we use the lower frequency characteristics from SEMG measurement to 
represent the motion of lower extremity. In Chapter 4, the data obtained in Chapter 3 
are used to observe whether SEMG signals from bicep femoris and rectus femoris 
can represent the movement of free walking. This chapter uses the dynamic 
characteristics from the gyroscope’s data to design and implement filters and linear 
prediction function to process the SEMG signals. Then, the SEMG signals of bicep 
femoris and rectus femoris are converted into the different representation. The 
effectiveness of linear prediction and the frequency of dynamic motion are discussed. 
Finally, a performance comparison among three techniques which are gyroscope, 
foot switch and SEMG measurement for temporal gait parameters is made. We will 
evaluate the performance with cross correlation and analysis-of-variance (ANOVA). 
A summary with conclusions, contributions and future work for this dissertation is 
provided in Chapter 5. 




Description for Wearable Gait 
Measurement 
 
The hardware selection and setup of a measurement unit for acquisition of physical 
dynamic quantities, ground reaction detection and muscular activity will be 
described in this chapter. We plan to measure the gait of lower extremity on sagittal 
plane.  
To obtain the dynamic characteristics of human motion, we consider using 
accelerometers and gyroscopes. Both accelerometers and gyroscopes are used 
because we would like to simplify the conversion from the raw data of the sensors to 
physical parameter of human locomotion. Due to the existence of variation of 
rotational center of lower extremity during walking, accelerometer is preferred to 
obtain the inclination angle of lower limbs (thigh and shank) as we can convert the 
data from accelerometer into inclination angle of limbs with the stable inertia vector.  
As gyroscope is sensitive to the angular rate of motion, we can make use of the 
gyroscope data to obtain the frequency of the change of the limb’s position. Then, we 
are able to develop filters to process the accelerometer data, such that the information 
from the accelerometer represent the motion of the lower limbs. In order to initialize 
the kinematic measurement, we need to confirm the reference level of the geometric 
model on sagittal plane. Thus, foot switches will be installed in shoes so that we can 
verify the ground level of the dynamic model during lower extremity movement. 
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Initially, we consider installing two foot switches on the bottom of foot pad in each 
shoe. 
For SEMG measurement, we use instrumentation amplifiers and in-house PCB to 
capture the analog signal from skin surface directly. The implementation of filters 
will be processed digitally because we would use the lower frequency from the 
SEMG measurement but we cannot verify the bandwidth of interested signals in the 
beginning of this study. 
2.1 Wearable Sensors 
In order to have a complete picture of a gait, we should determine the reference 
position of the movement. For measuring lower extremity movement, the ground can 
be defined as the reference level on sagittal plane. To determine which leg is 
touching on the ground, we can install foot switches in shoes. Once the foot switch is 
toggled, we will be able to determine when the leg is swinging or in stance.   
The force sensitive resistor (FSR) and the piezofilm are suitable foot switches 
because they are flexible and thin so that the room for placement can be reduced. 
These two sensors are different in physical principle. FSR is a resistive sensor and 
piezofilm is a capacitive sensor. The circuitries for these two sensors are different too. 
FSR requires a Wheatstone bridge circuit but piezofilm does not. Both need analog-
to-digital-converter to convert the output signal into the digital data. 
Table 2.1 lists the characteristics of FSR and piezofilm sensors which are 
commercially available.  For measurement on lower extremity, the position of foot 
switches is critical because it is difficult to generalize contact position between foot 
and ground. This is because of anthropometric variety of foot among people. 
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Piezofilm can be activated according to deformation and vibration. Thus, it is suited 
for installing in shoes for sensing the impact on shoes from the ground reaction force. 
Upon this, the position of the foot switch is not critical. But the signal strength will 
be reduced if the position of piezofilm is far away from the source of impact. Initially, 
two piezofilms will be stuck near the toe and the heel to obtain initial contact and 
loading response events of walking [27]. 
Table 2.1 Characteristics of FSR and piezofilm 
Switch Type FSR Piezofilm 
Shape Round or Rectangle Rectangle  




 Produce voltage if 
pressure applied 
 Capacitive 
 Produce voltage if the film 
is bended, deflected 
Physical 
characteristic 
Flexible and soft Flexible 








According to the product specification of LDT0-28K piezofilm sensor, LF353N 
amplifier (On Semiconductor) is applied to amplify the signals from piezofilm. In 
addition, two zener diodes are connected to the piezofilm sensor to protect the 
amplifier’s input voltage. The resistor, R, is used to control the frequency response of 
the sensor because this sensor is capacitive in nature (see Figure 2.1). 
 
Figure 2.1 Schematic diagram of the application of piezofilm sensor 
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We use accelerometers for measuring the tilting angle of limbs and body’s section. 
Accelerometers have two major features: (1) measure the acceleration vectors, (2) 
measure the tilting angle of an object with respect to the gravity. The output signal of 
accelerometer is sensitive to the change of gravity. Gravity is a stable value which 
can be used as a reference for determining the tiling angle of limb. Table 2.2 lists 
some common types of accelerometers. 
The electrical accelerometers are compact, such that they can be stuck on the surface 
of targeted subject. This can minimize the weight loading on the targeted subject 
during experiments. Also, reading the measured value from an electrical 
accelerometer only requires few instructions and hence it can be used with 
microcontroller (MCU) with ease. Then, we could implement an embedded system 
with low speed MCU so that the cost could be reduced. 
 
Table 2.2 Common type of accelerometers 
Type Technology 
Capacitive 
Consists of metal or micromechanical features that 
produce capacitance which changes with the acceleration 
Piezoelectric 
The piezoelectric material mounted to the mass and 
shaped as a beam. The vibration of mass produces voltage 
output, which is proportional to acceleration 
Piezoresistive The resistance changes with the acceleration 
Hall effect 
With a static magnetic source, the electric signal changes 
with the acceleration by sensing the change of magnetic 
field 
Magnetoresistive 
The resistance of material changes related to the presence 
of magnetic field 
Heat transfer 
By tracking the position of heated mass, the temperature 





Capacitive accelerometer sensor (CAS) will be used because of its good sensitivity 
and the competitive price (~US$1-8). There are two categories of CAS: (1) analog 
and (2) digital. The selection of digital and analog CAS is based on two factors. 
Firstly, a computer or processing unit is required to read the signal of CAS. Some 
processing units could read both analog and digital CAS but some could only read 
either one of them. The processing unit would become a considerable factor for the 
selection of CAS. 
Next, the distance between the placement of CAS and the processing unit would also 
affect the selection. If the connection between the CAS and the processing unit is 
wired, the long wire would cause higher voltage drop and easily be disturbed by 
surrounding EM wave. In this situation, analog CAS is not recommended because 
additional analog filters and shielding features are required. To save cost and efforts 
in the implementation of circuitry, digital CAS is a good choice for general 
applications.  
Besides the measurement of acceleration, some CAS would support other 
applications, such as tilt or roll measurement, vibration detection and impact 
detection. These applications could be preceded while measuring acceleration 
simultaneously. Thus, accelerometer could provide some dynamic information which 
cannot be obtained directly from the camera’s motion capture system.  
However, accelerometers are sensitive to the acceleration, such that the reading of 
accelerometer would be influenced by impact which is not describing the dynamic 
motion. In order to separate or verify the content of the accelerometer’s reading, we 
use gyroscope to provide additional information to correct the reading from 
accelerometers. For digital accelerometers, we select Freescale MMA7455. 
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MMA7455 is a low cost 3-axis digital accelerometer (~US$2) and the highest 
resolution is 64LSB per gravity in the scale of ±2 g. The output value is a 8-bit 
number. 
Gyroscopes are the device for measuring the angular rate. As gyroscopes are 
sensitive to angular rate, only dynamic motion could be measured. It is expected that 
gyroscopes can give a better measurement result in the dynamic motion. Therefore, 
the reading from gyroscope would conserve the frequency of the dynamic motion 
during activities. So the gyroscopes not only can measure the angular rate of the 
targeted subject but also provide information to correct the reading from 
accelerometer. Similar to accelerometers, we will use electrical gyroscopes, which 
are digital sensors. For digital gyroscopes, STMicroelectronic L3G4200D is chosen. 
L3G4200D is a 3-axis digital gyroscope (~US$9) and the highest resolution is 250 
±dps and 8.75 mdps per digit. The output value is a 16-bit number. 
The reading from accelerometers and gyroscopes are angular rate and tilting angle of 
joints and limbs which are relative information, such that there must have a reference 
position.  
2.2 Surface Electromyography (SEMG)  
The principle of EMG signals is the electric potential difference evoked in a 
particular muscle. Muscle will produce electric potential difference when it happens 
to contract or relax. There are two types of EMG measurement: (1) Intramuscular 
Electromyography (IEMG) and (2) Surface Electromyography (SEMG).  IEMG 
requires the needle electrodes to be inserted under the skin and deep into the muscle 
that is invasive. SEMG only needs surface electrodes to be stuck on the skin with the 
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ionized electrotype as a medium. Although IEMG has a higher accuracy in EMG 
signal measurement, its invasive characteristic has constrained the mobility of user 
and is inconvenient for uses in daily activities. Because of safety and popularity, 
SEMG is selected for measuring the muscle activities. The major components of 
SEMG measurement are the amplifier IC and the electrodes.  
 
Figure 2.2 Connection of SEMG measurement 
 
Figure 2.2 shows the basic setup of SEMG measurement for one single input. A pair 
of electrodes is located at the top surface of the targeted muscle on the skin. Two 
electrodes have to be as close as possible. A reference electrode is recommended to 
be placed on the surface where would not have muscle units under the skin in order 
to avoid influence from other muscle. The reference electrode can remove the 
surrounding noise and common the potential of electrical ground of the measurement 
circuit and that of the human body. The electrodes for SEMG measurement are Ag-
Ag-Cl electrodes (3M Red Dot
TM
). The signal of SEMG is weak, usually at mV scale. 
Thus, a large gain and precise amplifier is required. Precise instrumentation amplifier 
is recommended for SEMG measurement. In this setup, AD620 instrumentation 
amplifier (Analog Device) is chosen.  
This Instrumentation amplifier ICs has a reference point for noise rejection. The 
reference point is connected to the reference electrode though a buffer. Between the 
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reference electrode and the reference point of the instrumentation amplifier, a buffer 
is installed as a medium for connecting two ICs. A low noise OpAmp, TL071 (Texas 
Instrument), is used as a buffer here, see Figure 2.3. 
In Figure 2.3, resistor R1 is used for protection and its resistance is 1 MΩ. Resistor 
R2 and R3 are for the output gain control of AD620. The output gain is 500 and this 
is sufficient for measuring SEMG. The above setup can be applied for multi-channel 
of SEMG measurement by adding more blocks of instrumentation amplifier’s circuit. 
Figure 2.4 shows an example of the multi-channel SEMG configuration with single 
reference point. 
 
Figure 2.3 Schematic diagram of SEMG measurement 
 
 




2.3 Processing Unit  
The main function of the processing unit in this measurement system is the 
acquisition of signals and digital signal processing. The requirements of the 
processing unit are listed as follows: 
 Analog-to-Digital Convertor (ADC) 
 General Purpose Input and Output (GPIO) 
 Serial Peripheral Interface Bus (SPI) 
 I2C Protocol  
 Serial Communication Interface (SCI)  
 Pulse Width Modulation (PWM) Output 
 Digital signal processing (DSP) System 
In the measurement system, the SEMG and the force switches require ADC to read 
the signal because they are analog output. As ADC is needed, we use a processing 
unit which has embedded ADC. So, the size of the printed circuit board (PCB) and 
number of components can be reduced.  
For the communication of digital accelerometers and gyroscopes, we use either SPI 
or I2C protocol. So, the processing unit should have either SPI or I2C protocol for 
the communication of those sensors. Furthermore, the processing unit needs to 
output the data to personal computer for recording the experimental results so that 
SCI protocol is required. 
Since the processing unit needs to handle the communication, signal acquisition and 
signal processing, it has to consist of a high speed processor. For massive data 
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handling, a digital-signal-processor (DSP) is recommended to handle digital filtering 
and most calculation in real-time condition.  
In this setup, the TMS320F28335 Digital Signal Controller (DSC) from Texas 
Instrument is used. It is a microcontroller (MCU) and has the DSP features. It has 
12-bits ADC inputs, numerous GPIOs, SCI, SPI, I2C and McBSP (similar to SPI) 
protocols, internal timers, and one 150 MHz DSP processor. This is sufficient for 
signal acquisition and processing as well as motor control. To save cost and 
development time, a C2000 controlCARD (P/N: TMDSCNCD28335) from Texas 
Instrument is used. It consists of a TMS320F28335 DSC, power control IC, the pull-
up resistors and an isolated RS232 interface’s IC (RS232 is a popular protocol for the 
communication between SCI and PC), as shown in Figure 2.5.  
 
Figure 2.5 TI’s TMDSCNCD28335 (Available: www.ti.com) 
 
2.4 Hardware Connection and Communication  
The major function of the measurement system is to acquire the physical dynamic 
characteristics and muscular activity of a human. It is designed to acquire the bio-
information of lower extremity’s activity, such that (1) the muscular activities of the 
knee’s flexor and that of knee’s extensor, (2) the hip angle and the knee angle, and (3) 




 Two SEMG signals; measuring muscular activities of the knee’s flexor and 
that of the knee’s extensor respectively 
 Two accelerometers; measuring the tiling angle of thigh and that of shank 
respectively 
 Two gyroscopes; measuring the angular rate of thigh and that of shank 
respectively 
 Two Piezofilm switches; measuring the initial contact of walking (the 
instance of contact on the foot under the heel and the toe) 
The setup of the measurement device is illustrated in Figure 2.6. Two pairs of SEMG 
electrodes are stuck on the superficial surface of targeted muscle, bicep femoris and 
rectus femoris, respectively. And one reference electrode is stuck on the hip. The 
orientation of accelerometers and gyroscope are illustrated in Figure 2.7. The 
experimental setup of the wearer is shown in Figure 2.8. 
 
 




Figure 2.7 Axis alignment of dynamic sensors: gyroscope and accelerometer 
 
Figure 2.8 The wearable device’s setup 
 
 
Figure 2.9 Block diagram of the communication protocols of the portable system  
 A1X: X-axis of accelerometer (1) 
 A1Y: Y-axis of accelerometer (1) 
 A1Z: Z-axis of accelerometer (1)  
 A2X: X-axis of accelerometer (2) 
 A2Y: Y-axis of accelerometer (2) 
 A2Z: Z-axis of accelerometer (2)  
 G1X: X-axis of gyroscope (1) 
 G1Y: Y-axis of gyroscope (1) 
 G1Z: Z-axis of gyroscope (1)  
 G2X: X-axis of gyroscope (2) 
 G2Y: Y-axis of gyroscope (2) 
 G2Z: Z-axis of gyroscope (2)  
The processing unit and major 
components are in the bag. 
Accelerometer and Gyroscope 
Thigh 
Accelerometer and Gyroscope 
Shank 
Shoe with Foot Switches installed 
SEMG Channel (Rectus Femoris) 




The TI’s TMDSCNCD28335 controlCARD is the main processing unit in this 
measurement system. The default setting of measurement system is listed in Table 
2.3. We classify the data of measurement into two groups. One is the dynamic data 
and the other is non-dynamic data. The data size of the accelerometer and gyroscope 
is 16-bit. The data size of SEMG signals and foot switch are 32-bit (see Table 2.4). 
Figure 2.9 shows the connection of signals and data of the measurement system. The 
analog signals, the outputs of SEMG and those of Foot Switch Sensor are acquired 
by the ADC inputs of the controlCARD and the digital outputs of accelerometer and 
those of the gyroscope are linked to the McBSP of the controlCARD.  
 
Table 2.3 Default setting of measurement system 
Main clock frequency 150 MHz 
SCI baud rate  1152000 
SPI frequency 7.5 MHz 
Sampling rate of ADCs 500Hz 
Measurement channels 1. SEMG-A (ADC-1, 12bit) 
2. SEMG-B (ADC-2, 12bit) 
3. Foot Switch-Toe (ADC-3, 12bit) 
4. Foot Switch-Heel (ADC-4, 12bit) 
5. Accelerometer-A, X-axis (SPI-1, 8bit) 
6. Accelerometer-A, Y-axis (SPI-1, 8bit) 
7. Accelerometer-A, Z-axis (SPI-1, 8bit) 
8. Accelerometer-B, X-axis (SPI-2, 8bit) 
9. Accelerometer-B, Y-axis (SPI-2, 8bit) 
10. Accelerometer-B, Z-axis (SPI-2, 8bit) 
11. Gyroscope-A, X-axis (SPI-3, 16bit) 
12. Gyroscope-A, Y-axis (SPI-3, 16bit) 
13. Gyroscope-A, Z-axis (SPI-3, 16bit) 
14. Gyroscope-B, X-axis (SPI-4, 16bit) 
15. Gyroscope-B, Y-axis (SPI-4, 16bit) 
16. Gyroscope-B, Z-axis (SPI-4, 16bit) 





Table 2.4 Data size of signals in the processing unit 
32 bit 16 bit 
1. SEMG-A  
2. SEMG-B 
3. Foot Switch-Toe  
4. Foot Switch-Heel  
 
1. Accelerometer-A, X-axis 
2. Accelerometer-A, Y-axis 
3. Accelerometer-A, Z-axis 
4. Accelerometer-B, X-axis  
5. Accelerometer-B, Y-axis 
6. Accelerometer-B, Z-axis 
7. Gyroscope-A, X-axis 
8. Gyroscope-A, Y-axis 
9. Gyroscope-A, Z-axis 
10. Gyroscope-B, X-axis 
11. Gyroscope-B, Y-axis 
12. Gyroscope-B, Z-axis 
 
2.5 Summary  
Current setup of the measurement considers the experiment on lower extremity of 
human. It can be modified for measuring other segments of body and other scenario. 
In this device, one accelerometer and one gyroscope are combined together and 
formed a functional unit to measure the kinematics of one body segment. By 
increasing the number of functional units, more body segments and multiple joints 
can be measured. For the SEMG measurement, the analog filters before signal 
acquisition are eliminated for observing the lower frequency characteristics (< 20 
Hz). It should be noted that more measurements require more computation power, 






Gait Analysis for Lower 
Extremity during Walking 
 
In this chapter, we will discuss the gait parameters which can be captured by 
wearable sensors and SEMG measurement. We will use a gait analysis of lower 
extremity movement as an example for discussion. Through this example, we will 
demonstrate how to convert the data from the sensors to bio-information, such as 
joint angle, joint angular rate and period of muscle contraction. In addition, the result 
will be used for the discussion of temporal gait parameters in Chapter 4. 
Here is a brief of the experimental setup, 
 The subject is a man and aged 27. 
 One tri-axis accelerometer and one tri-axis gyroscope are attached on right 
leg’s thigh. 
 One tri-axis accelerometer and one tri-axis gyroscope are attached on right 
leg’s shank. 
 One foot switch shoe with two piezo-film switches is put on right leg. 
The detailed description of connection for lower extremity setup can be found in 
Chapter 2. 
3.1 Gait Parameter Captured by Wearable Sensors 
In this section, we will describe how to capture the swing phase and stance phase of 
free walking with the use of foot switches, how to capture the frequency 
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characteristics of lower limbs during free walking by gyroscopes, and how to 
determine the knee joint angle by the data from accelerometers. 
3.1.1 Foot Switch: Walking Phase Detection 
In the period of stance phase of a leg during walking, there is reaction force or 
pressure applied on the foot. More precisely, pressure or force is applied on foot in 
the period between the ‘initial contact (IC)’ event and the ‘terminal stance (TS)’ 
event. In general, the swing phase and stance phase of walking can be determined 
according to the happening of IC and TS. We can capture the IC and TS events by 
foot switch. 
Although piezo-film foot switch cannot output the state of walking immediately, the 
IC and TS events can be obtained by digital processing. In order to determine period 
of swing and stance phase of walking, the pattern of foot switch signals during IC 
and TS events must be captured. Autocorrelation can be applied to find the similarity 
of IC and TS wave patterns and the foot switch signals, as given in Equation 3.1. 
Then, threshold analysis is applied to determine the happening of IC and TS during 
walking in time domain.  
 
  ( )  ∑(( (   )  




   
 ( ( )  




where  ( ) is the input,  ( ) is the reference function,    is the output of process, 
  is sequence of input   and   is the size of reference function  ( ). 
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For detecting the stance phase, we define  ( ) equals to  ( ), where  ( ) is equal 
to the wave pattern of foot switch during the happening of change of swinging and 
landing. Figure 3.1(a) and Figure 3.1(b) are the wave patterns of the foot switch 






Figure 3.1 (a) The averaged reference pattern of landing (Heel);  
(b) The averaged reference pattern of swinging (Heel) 
 
The output of Equation 3.1 is the similarity between the reference function and the 
foot switch signals across the overlapped instance in each time frame. The size of 
time frame is the same as the sample size of the reference function. The initial state 
of right leg is landing. For the threshold analysis, the threshold is set at 90%. When 
the similarity is higher than 90%, the walking phase will be toggled to the other 
phase. For example, the walking phase will change from landing to swinging when 
the similarity between the foot switch near heel and the wave pattern (in Figure 
3.1(b)) is higher than 90%.  
In addition, the calculation of autocorrelation has a time-line shifted issue. It has to 
be corrected when comparing with other data or studying in time domain. In this case, 
the size of reference function is 200 samples. So, the correlation result should have 
100 samples shifted. Figure 3.2 shows the swing phase results and the signals from 
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foot switches. For this trial’s result, the stride period is around 1.4 sec and the stride 
frequency is about 0.7~0.8 Hz.  
 
Figure 3.2 Swing phase detection by foot switch signals. 
 
3.1.2 Gyroscope: Frequency Response of Lower Limbs 
during Walking 
In this section, the signals from gyroscopes for free walking test will be discussed. 
Figure 3.3 shows the original signals from the gyroscopes which are attached on the 
thigh and shank respectively. The Z-axis data are treated as the data on sagittal plane 
of human and they are used for detecting the motion event of free walking and 
distinguishing the ‘initial contact’ and ‘terminal stance’ event of walking. Before, 
data are used for detecting the walking phase. We could apply digital filters to 
remove the high frequency signals which are not related to the movement of lower 
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extremity or correct the data in advance. As Z-axis data are used in advance, the 
characteristics of Z-axis data of gyroscope in frequency domain will be discussed. 
 
Figure 3.3 Gyroscopes’ data of a free walking trial 
 
The data from gyroscopes are converted to frequency spectrum by Fast Fourier 
Transform (FFT) with the use of Signal Processing Toolbox @ MATLAB. Figures 
3.4 and 3.5 show the angular rate’s spectrum of gyroscope Z-axis data. In both 
frequency spectrums of the thigh and shank, we can see there are three dominant 
frequencies. They are ~0.7 Hz, ~1.4 Hz and ~2.1 Hz. According to the result of 
walking cycle, we know that the first dominant frequency in FFT spectrums, 0.7 Hz, 
should be describing the walking cycle (frequency of stride). Thus, this dominant 
frequency is the component of the dynamic motion during walking and must be kept. 
Next, the second dominant frequency, 1.4 Hz, is almost the double of the first 
dominant frequency. Although the motion sensors are placed on one leg only, the 
movement of body is affected by two legs. For a healthy person, the frequencies of 
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the movement of two legs should be similar or the same ideally in walking. So we 
can observe the second dominant frequency which is around two times of the first 
dominant frequency.  
The third dominant frequency is almost three times of the first dominant frequency. 
The frequency is not caused by the error in sampling that the sampling rate is 
Nyquist. This dominant frequency happens when the initial contact happens, such 
that this dominant frequency is describing the pulse of gyroscopes’ signals during 
heel contact. This wave would be the step response of sensors during walking and 
would not represent the movement of lower extremity. Thus, we can remove this 
frequency from the signals by applying a lowpass filter. 
As the third dominant frequency is not desirable for studying the dynamics of lower 
extremity, we will apply a lowpass filter to remove this frequency component from 
gyroscopes’ signals. Figure 3.6 and 3.7 are the original signals of gyroscopes, we can 
see there are significant oscillations on X- and Y-axis and these oscillations are not 
presenting the motion of lower extremity. A lowpass filter can remove the high 
frequency components. We use Filter Design Toolbox @ MATLAB to build a low-
pass Butterworth 4
th
 order filter. After the signals are filtered, we can see the 
processed signals are more desirable for analysis as the high frequency components 
of the signals are reduced (see Figures 3.8 and 3.9). In this case, we are able to 
observe the minima and maxima of the gyroscope outputs. Then, we can determine 






Figure 3.4 FFT of angular rate of gyroscope Z-axis on thigh 
 
 





Figure 3.6 Gyroscope data of thigh before filtering 
 
 






Figure 3.8 Gyroscope data of thigh, after filtering 
 
 





3.1.3 Accelerometer: Knee Joint Angle Estimation during 
Walking 
Accelerometers are used for determining the joint angle temporally. In order to 
estimate the thigh’s inclination, shank’s inclination and the knee joint angle, an 
approximate method is used. Assumptions are made for obtaining the estimated 
results. The assumptions are as follows: 
1. The X-Y plane of accelerometer and that of gyroscope are on the same plane. 
2. The X-Y plane of accelerometer and that of gyroscope are both parallel to the 
median plane of the human subject. 
3. The X-Y plane of accelerometer and that of gyroscope will not change with 
respect to median plane in any movement. 
The unit of the accelerometer output is gravity (1 g = 9.81 ms
-2
). The data cannot 
represent the joint angle of limbs immediately, see Figure 3.10. Some previous work 
stated that the accelerometer outputs can be converted into joint angles. The 
prerequisite of the application of the joint angle determination is to remove the noise 
from accelerometer. One major noise in accelerometer output is the high frequency 
components. It is because accelerometer is sensitive to the impact of force and 
vibration. For human locomotion measurement, only the low frequency (~20 Hz) is 





Figure 3.10 Accelerometer’ data of a free walking trial 
 
 
In fact, the frequency of the change of limb’s inclination angle is the same as the 
frequency of angular rate of the limb, such that the frequency of the change of 
thigh’s inclination angle and that of the angular rate of thigh are the same. Similarly, 
the frequency of the change of shank’s inclination angle and that of the angular rate 
of shank are the same. 
Therefore, the same lowpass filter in Section 3.1.2 can be applied to remove noise 
for accelerometer output. Figures 3.11 and Figure 3.12 show the original signals and 
Figure 3.13 and Figure 3.14 show the filtered results of accelerometer outputs. Next, 
the inclination of thigh and that of shank can be obtained by Equation 3.2 with the 














Figure 3.13 Accelerometer data of thigh, after filtering 
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where    is the unit vector of the acceleration vector on Y-axis,    is the unit vector 
of the acceleration vector on X-axis,      is the initial unit vector of the acceleration 
vector on Y-axis, and     is the initial unit vector of the acceleration vector on X-
axis. 
Equation 3.2 is the dot-product equation between the initial force vector and the 
current force vector. The initial vectors are the effects of gravity which is broken into 
two components, the scalar     on X-axis and     on Y-axis. The direction of the 
angle’s change is defined by the sign of the acceleration vector on Y-axis.  
The positive sign of inclination angle   means the thigh or the shank is moving 
forward or towards to the front of the subject. On the contrary, the negative sign of   
means the thigh or the shank is moving backward or towards to the back of the 
subject. Then, we can obtain the approximated inclination angle of both thigh        
and that of shank        on median plane. 
                                     3.3 
 
Then, the knee angle would be the difference between the inclination angle of thigh 
and that of shank when the knee joint only has single degree of freedom. The 
approximated knee angle can be obtained by Equation 3.3, if the thigh’s inclination 
angle and shank’s inclination angle were provided or obtained. Zero degree of knee 
joint angle is the initial position of knee joint. The decrease of knee joint angle is 
knee flexion. On the contrary, the increase of knee joint angle is knee extension. The 
results of tilting angles and knee joint angle are shown in Figure 3.15. In brief, the 








 Figure 3.16 Flowchart of the process for accelerometer’s data and gyroscope’s data 
  
Acquire 
gyroscope’s data  
Process 
FFT to find the 
dominant frequency 






angle of limbs 
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3.2 Analysis of Muscle Activities by SEMG signals 
There are two major characteristics of SEMG signals. Firstly, SEMG signals are 
generated during muscle contraction and the waveforms of SEMG signals do not 
have a dominant frequency but the bandwidth of SEMG signals are usually within 
the frequency range of 10 Hz to 300 Hz. In addition, the magnitude of SEMG signal 
increases for stronger muscular activities but the relationships between SEMG 
signals and muscular activities are not linearly proportional.  
Upon these characteristics, we could only observe oscillation in SEMG signals when 
the muscle is contracting. In general, the SEMG signal’s magnitude will increase at 
the instant of muscle contraction and it will decrease at the instant of muscle 
relaxation. Then, the muscle activity or said “ON and OFF” of muscle can be 
obtained by SEMG signals. To achieve this, we will apply linear envelop process and 
threshold analysis to convert the SEMG signal into two states: relaxation and 
contraction. 
In this study, we would like to observe the relationship of SEMG signals and 
dynamic characteristics of lower extremity during walking. Thus, the analog filtering 
process in typical measurement is removed. Therefore, filters are not applied before 
analog-to-digital conversion. Figure 3.17 shows the raw signals from the SEMG 
measurement. We can see the EMG activity and the characteristics of limb 
movement are mixed in the SEMG signals. Since there are two major components, 
one is the muscle activity and the other is the characteristics of lower limb motion. In 
this section, we will check and discuss whether the EMG signals are acceptable for 




Figure 3.17 Signals of SEMG bicep femoris (top left), rectus femoris (top right), foot 
switch near toe (bottom left), near heel (bottom right) 
 
In fact, the EMG signals are difficult to be read and understood by human. Thus, 
filtering and linear envelope are used for processing the SEMG signals for better 
illustration. Firstly, we have to narrow the bandwidth of the acquired SEMG signals 
into 20 to 200 Hz by bandpass filter. It is because the bandwidth of EMG signal is 
about 10 Hz to 300 Hz. This bandpass filter can remove the DC offset and high 
frequency component. We use Filter Design Toolbox @ MATLAB to build a band-
pass Butterworth 4
th
 order filter and use MATLAB to process the filtering.  Figures 
3.18 and 3.19 show the filtered results of the acquired SEMG signals. The activities 





Figure 3.18 Filtered SEMG signal with bandwidth 20 to 200 Hz (bicep femoris) 
 
 
Figure 3.19 Filtered SEMG signal with bandwidth 20 to 200 Hz (rectus femoris) 
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To determine the period of muscle activity from EMG signal, linear envelop process 
is a practical method for observing the muscle activity period. Linear envelope 
linearizes the input signal. The result of linear envelop is similar to that of root-
mean-square but it presents the power of SEMG signals in time domain continuously.  
There are two procedures in linear envelop, as given in Equation 3.4. The first is 
normalization of input signal and second is lowpass filtering of the result from the 
first step.  
Step 1: 
Step 2: 
 ̂( )  | ( )| 
 ( )  ∑ ̂( )   ( )
 
   
 
3.4 
where  ( )  is the input,  ( )  is the output, and  ( )  is the lowpass filter’s 
coefficients/response. 
Figures 3.20 and 3.21 show the processed results of linear envelop on the SEMG 
signals. The higher magnitude of the linear envelope’s result represents higher 
muscle activity at that time instant and vice versa.  
With these processed results, we can determine the period of muscle contraction by a 
given threshold. If the magnitude of processed SEMG signal is higher than the 
threshold, we can define the particular muscle is at contraction state. On the contrary, 
we define the particular muscle is at relaxation if the magnitude of processed SEMG 





Figure 3.20 Processed SEMG signal with linear envelop, bicep femoris 
 
 




Figure 3.22 Period of muscle contraction by SEMG signals and linear envelop 
 
In this case, the interested muscles for threshold analysis are bicep femoris and rectus 
femoris. The thresholds for muscle state’s identification do not have to be the same. 
The threshold for BF is 0.03 V and the threshold for RF is 0.01 V. Figure 3.22 shows 
the result of contraction states of right knee’s extensor and right knee’s flexor of the 
trial. With this contraction state’s result, we are able to determine the period of 
muscle contraction immediately by measuring the length of the horizontal line (high 





In this chapter, we have demonstrated several measurement and the procedures with 
the use of this integrated measurement device. We acquired the signals of 
accelerometers, gyroscopes, foot switches and SEMG. We used the information of 
foot switches to determine two walking phases: swinging leg and landing leg. With 
the gyroscope’s data, we figured out the frequency of the dynamic motion of lower 
extremity and then we could filter the accelerometers’ signals. Furthermore, the knee 
joint angle could be estimated by the accelerometers’ signals. Lastly, we could 
measure SEMG signals and convert them into contraction state and relaxation state 
of muscles. This showed that this device could provide physical and muscular 





Temporal Gait Parameters 
during Walking by SEMG 
Measurement 
 
In Chapter 3, we have demonstrated how to use the different measurement devices 
for capturing gait parameters, such as the stride period, the frequency of lower limb 
movement, and the period of muscle activity. In this chapter, we will examine the 
data from the results in Chapter 3 and use the data to convert the SEMG signals into 
walking phase. We will continue to process the SEMG signal with linear envelope 
but the lower frequency component of SEMG signal will be included. Furthermore, 
linear prediction function will be used for capturing the gradient of the linear 
envelope’s result of SEMG signals. Finally, the walking phase could be determined 
by threshold analysis from the products of linear prediction. 
4.1 Motion Event and SEMG Signals 
SEMG signals and walking phase are two different information and they seem to 
have no direct relationship. However, we can observe that both bicep femoris (BF) 
and rectus femoris (RF) muscles will contract one time during one walking cycle, 
such that BF does one time of knee’s flexion and RF does one time of knee’s 
extension. This implies that the frequency of BF’s contraction and that of RF’s 
contraction are the same. Also the frequency of muscle’s contraction during walking 
and the frequency of the change of knee joint’s angle would have a common factor. 
On the contrary, the common frequency can be treated as movement artifacts in the 
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SEMG signals [28]. However, we do not treat the movement artifact as noise in this 
case. 
The frequency of lower extremity’s motion and the frequency of BF’s and RF’s 
SEMG signals would be the factors of SEMG signals’ conversion. In Chapter 3, we 
have observed the frequency of right leg’s movement during walking. We knew that 
the 1
st
 dominant frequency is the frequency of the walking cycle and the rhythm of 
right leg. Then, we can assume that the frequency of the walking cycle is 
proportional to the frequency of SEMG signals. 
As the low frequency of SEMG signals is considered, the bandpass filter for SEMG 
signals has to be changed. For this application, 4th order Butterworth bandpass filter 
(BPF) with bandwidth of 1~200 Hz will be used to process the raw SEMG signals. 
Figures 4.1 and 4.2 show the results by using different bandpass filters. We can see 
that the low frequency’s characteristics, 1~20 Hz, has significant contribution on the 
SEMG signals. This implies that the SEMG signals consist of the characteristics of 
lower extremity movement.  
Similarly, we apply the same processes in Chapter 3, linear envelop, to convert the 
SEMG signals. As the frequency characteristics of the SEMG signals is changed, we 
will change the cutoff frequency of the lowpass filter in linear envelop to 1 Hz. Then, 
the SEMG signals would be transformed and the transformed results would consist 
of dynamic information only. This means the change of SEMG signals would be 













Once we have changed the bandwidth of bandpass filter and the cutoff frequency of 
the lowpass filter in linear envelop for the processes of SEMG signals, we will 
compare those results in Figures 4.3 and 4.4. The curve (a) is the output of SEMG 
signal after the processing of bandpass filtering with bandwidth 20-200 Hz and linear 
envelop with 5 Hz cutoff frequency in the lowpass filter. On the other hand, the 
curve (b) is the output of SEMG signal after the processing of bandpass filtering with 
bandwidth 1-200 Hz and linear envelop with 1 Hz cutoff frequency in the lowpass 
filter. We can observe two characteristics when comparing curve (b) to curve (a): 
1. The instance of peak value is delayed around 0.5 sec 
2. The values of minima during the walking period are around the half of the 
peak values in BF’s SEMG and around one third in RF’s SEMG. 
These two characteristics will affect the parameter of threshold for contraction state 
determination. For the last process in Chapter 3, threshold analysis, we set the 
threshold for BF’s contraction state at 0.1 and the threshold for RF’s contraction state 
at 0.07. The results are shown in Figure 4.5. We can see that the result of contraction 
state would not match with the swinging phase and landing phase of walking. This 
may imply that the walking phase cannot be determined by applying threshold 
method to the linear envelope’s result. Fortunately, the SEMG signal of RF is 
increasing during the right leg’s swinging and the SEMG signal of BF is increasing 
during the right leg’s landing. Thus, the SEMG signals of BF and RF should have 





Fig. 4.3 Comparison between two different setting of bandpass filtering  
and linear envelop for BF’s SEMG 
 
Fig. 4.4 Comparison between two different setting of bandpass filtering  





Fig. 4.5 Result of linear envelop; (Top) BF and (Bottom) RF 
 
 
Moreover, the threshold setting would be affected by the floating maxima and 
minima of the processed signals. If we consider the change of the processed SEMG 
signals rather than the magnitude of the linear envelope’s result, we can omit the 
change of maximum values and minimum values. Since the change of the linear 
envelope’s result should have the same frequency characteristics, we can use the rate 
of this change to determine the period of activities. In order to obtain this change and 
address the phase delay issue, we need a process to shift the input signal, such that 
we can obtain the peaks of signal earlier. Linear prediction is a mature technique for 





4.2 Walking Phase Detection by SEMG Signals 
The linear prediction is a finite-impulse-response (FIR) function, as given in 
Equation 4.1. It consists of two parameters. They are the sampling size ( ) and the 
coefficient (  ). In fact, there is no limitation on the sampling size but the size will 
affect the number of calculation and the consumption of processor’s resource. In this 
case, the sampling size of liner prediction function is 10. This should be sufficient for 
the design of coefficient (  ).  
  ̂( )  ∑   | (   )|
 
   
 4.1 
 
where  ( ) is the input signal and  ̂( ) is the output signal. 
To design the coefficient (  ), autocorrelation is used. As linear prediction and 
autocorrelation are FIR function, we can design a reference function ( ( )) for 
processing autocorrelation with a step input in order to obtain impulse response. As a 
result, the impulse response can be used as the coefficient (  ) of a FIR filter. Then, 
we can process the linear prediction by FIR filtering. 
To detect the walking phase, we would like to find when the SEMG signal (LE 1 Hz) 
is rising. In this case, the reference function is chosen to be a rising curve with 10 
samples. After we compute the autocorrelation result between the reference function 
( ( )) and a step function, we can get the step response of  ( ) for getting the 
similarity of a rising curve. Then,    can be obtained by computing the step response 
of process of autocorrelation. Finally, we have     {0.15, 0.15, 0.15, 0.15, 0.15, 
0.15, 0.15, 0.65, -0.85, -0.85}. 
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Figures 4.6 and 4.7 show the results after the process of linearprediction. When the 
result of linear prediction is positive, it means the results of linear envelop has 
similarity to the reference function. When the result of linear prediction is negative, 
it also means they have similarity but they have 180 degrees phase difference. When 
the result of linear prediction is zero, it means the results of linear envelop has no 
similarity to the reference function.  
Similarly, a threshold is assigned for detecting the muscle contraction. Ideally, we 
can set the threshold as zero but the product of linear prediction may consist of the 
influence of noise from the EMG signal practically. Thus, the threshold is a value 
higher than zero. In this case, the threshold is +0.001. If the output of linear 
prediction is higher than or equal to the threshold, we can say the event is active. The 
results are shown in Figures 4.8 and 4.9. The linear prediction result of BF (LP BF) 
could match the landing phase, excluding the first step and final step. Similarly, the 
linear prediction result of RF (LP RF) could match the swinging phase, too. 
The initial step and the last step of walking do not have a good match. It is because 
the first and the last steps are not the repeated motion event in the experiment. Thus, 
the dynamic characteristics during the first and the last steps should be different from 
the steps during rhythmic phase of walking. Therefore, linear prediction may not be 
suitable for determining the walking phase during the start-up period and the stop 





Figure 4.6 The difference between the results of linear envelop  
and linear prediction, BF 
 
Figure 4.7 The difference between the results of linear envelop  








Figure 4.9 Timelines of linear predicted results and muscle’s activities  
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4.3 Temporal Gait Parameters 
In the previous section, we have explored the possibility of using the signals from 
SEMG measurement to determine the walking phase. From the results, the signals 
from SEMG measurement for bicep femoris (BF) and rectus femoris (RF) could 
determine the swing phase and stance phase of free walking during rhythmic period 
of walking. The procedures are illustrated in Figure 4.10. 
Then, we will explore the difference of temporal gait parameters among different 
measurement methods in this section. They are: 
1. Gyroscope (Gyro) 
2. Foot switch (FT SW) 
3. Bicep femoris (BF) SEMG detection by linear prediction (BF SEMG) 
4. Rectus femoris (RF) SEMG detection by linear prediction (RF SEMG) 
5. The average of the linear predicted results of (3)BF SEMG and (4)RF SEMG 
(Avg SEMG = (BF SEMG+RF SEMG)/2) 
In Chapter 3, we have already shown how to determine the walking phase by foot 
switch. In Section 4.2, we have discussed how to convert the BF SEMG signal and 
RF SEMG signal into the signals which presented the motion of right leg for free 
walking. For the use of gyroscope, the period of time between the minimal points of 
angular rate on sagittal plane is used to distinguish the swing phase and stance phase 
(Greene et. al). 
The temporal gait parameters for free walking are: (1) period of swing phase during 
the rhythmic phase of free walking, (2) period of stance phase during the rhythmic 
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phase of free walking, and (3) period of stride during the rhythmic phase of free 
walking (or period of a gait cycle.) 
 
Figure 4.10 Flowchart of the process for the combination of SEMG signals  
and dynamic information  
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We repeated the experiment in Chapter 3: a free walking performance test for ten 
times and toke one period of a gait cycle for analysis. Then, the walking phase 
detection by foot switch in Chapter 3 and the waking phase detection by SEMG 
signals in this chapter were processed accordingly. In addition, we prepared the 
results of walking phase detection by gyroscope as a reference for comparison.  
Table 4.1 shows the swing period, stance period, and stride period of one gait cycle 
of free walking. There are ten groups of data. Tentatively, we can see the difference 
of temporal gait parameters between the method of gyroscope and foot switch is 
within 10%, which would be acceptable for using foot switch to detect the temporal 
gait parameter. 
Next, we can observe that RF SEMG has a better performance in detecting the swing 
period than BF SEMG and Avg SEMG. For the stance period, both BF SEMG and 
RF SEMG have a larger difference than Avg SEMG. For the stride period, BF 
SEMG has a closer result than RF SEMG and Avg SEMG. Precisely, cross 
correlation is used to observe the similarity between Gyro and other methods, as 
given in Equation 4.2. 
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Table 4.1 The differences in (a) swing period, (b) stance period and (c) stride period 
determinations among different methods comparing to the uses of gyroscope; Gyro = 
Gyroscope’s result, FT SW = Foot switch’s result, RF SEMG = linear predicted 
result of rectus femoris SEMG, BF SEMG = linear predicted result of bicep femoris 
























01 0.64 0.70 10.4 0.60 -5.7 0.87 36.8 0.74 15.6 
02 0.61 0.66 8.9 0.63 3.9 0.94 53.4 0.79 28.7 
03 0.60 0.64 7.0 0.62 3.7 0.73 21.4 0.67 12.5 
04 0.61 0.67 9.2 0.68 10.5 0.80 31.4 0.74 20.9 
05 0.62 0.62 0.0 0.60 -4.2 0.73 17.0 0.66 6.4 
06 0.59 0.60 1.7 0.60 1.4 0.95 61.0 0.77 31.2 
07 0.57 0.57 0.0 0.71 24.6 0.71 24.6 0.71 24.6 
08 0.59 0.63 6.8 0.58 -1.7 0.83 40.7 0.71 19.5 
09 0.63 0.58 -7.9 0.38 -39.7 0.78 23.8 0.58 -7.9 
























01 0.71 0.64 -10.1 0.71 0.3 0.43 -38.9 0.57 -19.3 
02 0.63 0.59 -6.8 0.76 20.4 0.46 -26.8 0.61 -3.2 
03 0.57 0.56 -1.4 0.76 33.0 0.45 -21.1 0.60 6.0 
04 0.62 0.58 -5.5 0.90 46.3 0.44 -29.4 0.67 8.4 
05 0.56 0.55 -2.1 0.62 11.0 0.45 -19.2 0.54 -4.1 
06 0.67 0.68 1.5 0.67 0.3 0.26 -61.2 0.47 -30.4 
07 0.65 0.65 0.0 0.71 9.2 0.51 -21.5 0.61 -6.2 
08 0.60 0.58 -3.3 0.85 41.7 0.29 -51.7 0.57 -5.0 
09 0.59 0.62 5.1 0.39 -33.9 0.44 -25.4 0.42 -29.7 

























01 1.35 1.34 -0.4 1.31 -2.5 1.30 -3.1 1.31 -2.8 
02 1.24 1.25 0.9 1.39 12.3 1.40 12.8 1.39 12.5 
03 1.17 1.20 2.9 1.38 18.0 1.18 0.7 1.28 9.3 
04 1.23 1.25 1.8 1.58 28.5 1.24 0.8 1.41 14.6 
05 1.19 1.17 -1.0 1.22 3.0 1.18 -0.2 1.20 1.4 
06 1.26 1.28 1.6 1.27 0.8 1.21 -4.0 1.24 -1.6 
07 1.22 1.22 0.0 1.42 16.4 1.22 0.0 1.32 8.2 
08 1.19 1.21 1.7 1.43 20.2 1.12 -5.9 1.28 7.1 
09 1.22 1.20 -1.6 0.77 -36.9 1.22 0.0 1.00 -18.4 
10 1.19 1.17 -1.7 1.45 21.8 1.19 0.0 1.32 10.9 
 
(a) Swing Period 
(b) Stance Period 
(c) Stride Period 
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There are four groups of comparison for each temporal gait parameter. They are: (1) 
Gyro vs FT SW, (2) Gyro vs BF SEMG, (3) Gyro vs RF SEMG, and (4) Gyro vs 
Avg SEMG. The results are shown in Table 4.2. From the results of cross correlation, 
only the use of foot switch (FT SW) has similar performance to the use of gyroscope 
(Gyro) in determining stride period and stance period. The use of processed SEMG 
cannot give similar results comparing to the use of foot switch. Therefore, the 
processed SEMG cannot precisely determine the swing period, stance period, and 
stride period. 
Table 4.2 Cross correlation between the using gyroscope and other methods 
 
Gyro vs  
FT SW 
Gyro vs  
BF SEMG 




Swing Period 48% 1% -48% -34% 
Stance Period 82% -27% 5% -10% 
Stride Period 93% 59% -6% 14% 
 
However, the processed SEMG would be able to determine a similar result as the use 
of gyroscope or foot switch if more trials are done. In order to verify whether the 
processed SEMG is feasible to estimate swing period, stance period and stride period, 
analysis-of–variance (ANOVA) is applied. The one way ANOVA function @ 
MATLAB is used for processing ANOVA.  If the returned p-value is smaller than 
0.05, it means that one or more members in the group has significant difference 






















Figure 4.15 ANOVA for stride period among several methods (p = 0.30) 
 





In Figure 4.11, the result of BF SEMG and the result of Avg SEMG have a large 
difference in determining the swing period among other signals and the p-value in 
this ANOVA is 4.07 x 10
-8
. By observation, the BF SEMG and Avg SEMG should 
have the big difference for swing period detection.  Figure 4.12 shows the ANOVA 
result when BF SEMG and Avg SEMG are ignored. The p-value is 0.56. This 
implies that the RF SEMG has no significant difference comparing to Gyro and FT 
SW. Therefore, RF SEMG could be used for detecting swing period. 
Figure 4.13 shows the ANOVA result for stance period determination. The result of 
BF SEMG and the result of RF SEMG have a big difference among other members 
in this comparison. Then, BF SEMG and RF SEMG should be eliminated in the 
group. Fortunately, the average of BF SEMG and RF SEMG has a closer result in 
stance period determination. In the group of Gyro, FT SW and Avg SEMG has a p-
value of 0.25, such that Avg SEMG has no significant difference for determining the 
stance period of free walking comparing to Gyro and FT SW, as shown in Figure 
4.14. 
For the stride period determination, BF SEMG, RF SEMG and Avg SEMG have no 
significant difference for stride period detection, as shown in Figure 4.15. However, 
BF SEMG has the closest result in stride period determination comparing to RF 
SEMG and Avg SEMG. In Figure 4.16, the ANOVA analysis consists of Gyro, FT 
SW and BF SEMG. The p-value is 0.98 that implies BF SEMG has no significant 





In this chapter, we explored the application of the signals from SEMG measurement 
for capturing gait parameters. In the preliminary results, the lower frequency (< 20 
Hz) or the frequency of gait cycle could be used for designing the lowpass filter in 
linear envelope. With the linear prediction process, the movement of lower extremity 
could be captured through SEMG measurement.  
Moreover, we have observed and discussed the differences among the use of 
gyroscope, the use of foot switch and the use of SEMG signals for the temporal gait 
parameter determination according to the experimental data of a subject that is 
considered in Chapter 3. The temporal gait parameters are (1) swing period, (2) 
stance period, and (3) stride period.   
For the swing period, the linear predicted result of RF SEMG achieves a better 
performance than that of BF SEMG and the average of processed RF SEMG and BF 
SEMG. For the stance period, the average of processed BF SEMG and RF SEMG 
achieves a better performance. For the stride period, the linear predicted result of BF 
SEMG achieves a better performance. 
When the signals acquired by SEMG measurement can capture temporal gait 
parameters, BF SEMG would be able to determine the period of stride of free 
walking, RF SEMG would be able to determine the period of swing phase of free 
walking, and the average of BF SEMG and RF SEMG could be converted to 









In this thesis, the feasibility of using SEMG measurement for capturing temporal gait 
parameters was studied. We used measurement devices to capture the temporal gait 
parameters including the gait cycle, the period of swing phase, and the period of 
stance period. The measurement devices were described in Chapter 2. The selection 
of sensors and the design of the system were described and implemented.  
The measurement devices consisted of kinematic measurement and SEMG 
measurement. They were portable and applicable in different outdoor environment. 
This could be convenient for scientists and researchers to study the gait of human in 
different kinds of activities. The functions and features of the devices were discussed 
in Chapter 3. 
In Chapter 4, the possibility of using the lower frequency from SEMG measurement 
to describe the walking phase with the use of linear envelop process, linear 
prediction process and threshold analysis after the frequency of the movement is 
confirmed by gyroscope. In the preliminary results, the signals from SEMG 
measurement of bicep femoris and rectus femoris could be converted into swing 
phase and stance phase. 
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In addition, the performances of several techniques of temporal gait parameter 
determination were investigated. Among gyroscope, foot switch and SEMG 
measurement, we found that the linear prediction result of bicep femoris could 
determine the stride period, the linear prediction result of rectus femoris could 
determine the swing period, and the average of the linear prediction result of bicep 
femoris and rectus femoris could determine stance period with similar performance 
comparing to using gyroscope and foot switch. 
Therefore, the temporal gait parameters could be captured by surface 
electromyography measurement with the use of its lower frequency characteristics in 
the signals. At this moment, swing period, stance period and stride period of free 
walking of a subject were discussed. Although the experimental subject and number 
of experiments were limited, we could see the functions of SEMG measurement 
could be extended for capturing temporal gait parameters. This feature would be 
useful for performing a motion assessment with the use SEMG signals only. 
5.2 Contributions 
1. In this study, the feasibility was explored to use the lower frequency 
characteristics from SEMG measurement of bicep femoris and rectus femoris 
for capturing temporal gait parameters, which are the swing period, stance 
period and stride period. From the shown results, SEMG measurement is able 
to provide additional motion characteristics beyond the application of 
quantifying muscle activities.  
2. The design and implementation of multi-purpose measurement for portable 
gait measurement were described. Users can follow the procedures and 
guideline in the setup to adjust the measurement device. 
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3. The procedures for obtaining gait parameters were discussed. Users could 
follow the procedures to design the suitable filters for processing the signals 
from portable sensors and convert the SEMG signals to represent the 
characteristics of limb’s movement. 
5.3 Future Work 
1. The sample and subject size in this study is limited. In order to generalize the 
use of SEMG measurement for capturing the temporal gait parameters, a 
larger size of subject group is required. The control parameters for future 
experiments would be age, sex, and healthiness. 
2. According to the results in this study, one observation is that the dynamic 
characteristics can be captured by the lower frequency range of SEMG 
measurement, so that we can convert the SEMG signals into swing period, 
stance period, and stride period. This also implies that SEMG signal could be 
used to represent joint angle of limbs. However, we haven’t formulated the 
relationship between the signals from SEMG and joint angle. If this study can 
be done, we would not require portable sensors to determine the frequency 
for processing the SEMG signals. 
3. Although we haven’t formulated the relationship between the motion and the 
SEMG characteristics for temporal gait parameter detection, a database could 
be established for the replacement of portable sensors in the future after a lot 
of experiments are done. 
4. The measurement device used in this study may not be mature. For example, 
no adjustment and correction has been done for the coordinate system in the 
kinematic model. It should be possible to have the coordinate adjustable with 
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an additional sensor, such as compass. However, we had experienced that 
digital compass would be easily affected by magnetic component, such as 
motor. There should be some options, which would be able to recognize the 
coordinates in a single portable unit by the embedded system. 
5. The developed measurement device is only capable of capturing the gait 
information of two limbs, one joint and two channels of SEMG signals at this 
moment. If more information is needed, the features of the measurement 
device can be extended by adding more sensors. However, the embedded 
system might be replaced with a more powerful one because the current 
capacity of the MCU in this device has already reached maximum for data 
transfer and data acquisition. It is recommended to use an embedded system 
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